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Abstract

An aircraft radar interferometer, TOPSAR for TOPographic SAR, has been developed that uses a
synthetic aperture 1adar and interferometry to rapidly produce topographic maps of the catth. In some
applications, this aircraft radin interferometer systenn canmap arcas insccessible to acrial photography
because of darkness o1 weather.  In other applications, this radar technigue has the potential of
replacing traditional photogrammetry which uses acrial photography. Our aircraft radar is a processor
to a possible satetlite system, which can produce a global digital topographic map of the carth.

The TOPSAR systeniis a C-band (6 et wavelength) radar intederometer that s operated as an adj unct
the .1 PL Ancraft Synthetic Al¢ture Rada (A IRS AR) systenmthatioutinely acquites mufiti-
polatization SAR images atP-band /(1 cinwavelength), atd ~Land (25 cmwznulcngth)un(lz(l("‘}’imd.
The TOPSAR/ATRSARsystem 1'lies ou the DC-8 Aivborne Liboratoryoperatedbythe NASA Amnes
Rescarch Center, The TO PSAR system is implemented via tw o antentas imounted neatly vertically on
the Jeft side of the DC-8 aireraft with a 2.6 meter baseline spacing. Intesferometric maps of the swiface
are constructed by compating the phase  differences between SAR images from the two antenna g,
Statistical clevation cirors fo1 the TOPSAR system tinge from 1-2 heters for flatland 1o 2-3 hictars for
MOUNLAIMOUS areas.

Typical data acquisitions are for arcas of 10 kwm across-track (., inrange) and up 1o 50 ki along track
(i.e., mazimuth). Analysis of radat data obtained in the Galapagos Ishinds (Islas Fernandinaand
Isabella) emonstrated that these 10 kill-ti~-so kil topographic maps could be mosaicked 10 gether for
anea of about 50 kill-lly-.so kill.  We improved the TOPSAR ait craft1adar system in 1994 by
installing ancw tightly-coupled Global Positioning/Inertia Navigation Systene ((ii” S/IR'S) unit. This
improved ou topographic data and enabled mosaicking via dead reckouing.

These aiteraft observations ate a precusor for @ possible carth-orhiting TOPographic SATellite
(TOPSAT), which is cuniently in premission studics at JP1 Cunrent studies indicate that TOPSA'T
could be a dual spacectaft 24-cm system or a single spacectalt 2-cm systenn. Cunrent studics indicate
that cither spaceborne interferometiic SAR system could produce topographic maps of the carth with 2
meter vertical accuracies tor horizontal resolutions of 30 meters,  In addivon, a thivd {light of the
Spaceborne Imaging Radar (SIR-C) on the Space Shuttle cculd obtain these horizontal; and vertical
accuracies,



Introduction

Recent advances in locating aircralts via the Global Positioning Systen (GPS) as well as the computer
revolution that took place in the last decade enables a technology whereby Synthetic Apertare Radars
{(SARs) can produce topographic images of the eanth with av borne radar systems.

Synthetic Apettme Radars (SARs) weie developed following World War 11 as a micans of providing
military ntelligence by producing images ol surfaces toward the airerafl's hotizon.  This SAR
technology was adopted to canth oibiting satellites in the NASA SeaSat mission that flew in 1978,
Follow-on spaccborne SARs operated on the Space Shuttle as the Shutle Iinaging Radar missions in
1978, 1984, and 1994, In addition, the Lwopeans conrently operate a spacebotue SAR on the Huth
Resources Satellite (ERS-1) and the Japanese operate a spaceborne SAR on the Japanese Paith
Resources Satellite QERS-1). The Canadians will launch and opetate the RodarSAT satellite later this
year. One of the important advances of these satellite SARs was the developnient of digital processors
that used digital computers to produce radar images of the canth’s sulace,

Another important advance was the avgmentation of SARs with two-element interferometry wheieby
phase differences between radar echaes observed in two separated antennas could be used 10 determine
the height of the sutface being imaged by the tador. Two-clement interferometry was demonstrated
first with satellite observations where the separation between two radar observations of the earth had
accurate locations determined by spacecraft orbits. The implementation of this two-clement
intetferometry in aireralt SARs requites accurate determinations of the stnall but important aircralt
motions. This is now being provided by Globad Positioning Svstem instiomentation.

Thus, the culmination of digital processing of SARs, couple d with two-clement interferometry and
accutate position det ermination using the Global Positioning Syste nt have produced a new technology
whereby aithbotne sodars canproduce accu tate elevation maps of the couth, Sce Zebker and Goldstein,
1986; Rodrigucs and Martin, 1992; Zebk e et al, 1992; Madsen et al., 1993; Madsen, Mattin and
Zebker, 1995; as well as Madsen and Zebker, 1995,

Locating Radar Fehoces in Three Dimensions

Airborne Synthetic Apertuie Radars equipped with two separated antennas o ace utately locate radar
echoes from the sutface in three dimensions. SARs loc ate scattermg ¢l cments on the susface i two
nearly orthogonal directions by a combination of ranging and Doppler processing. (Doppler processing
creates a synthetic antenna apetture by coherently adding radar echoces from momy consceutive pulses).
Thie addition of two-clement inter ferometry per mits focation of eclioes iu a third, ne wly orthogonal
dimension. The geornetry for locating the scattering clement on the surfawee is showcin Fig uie 1.

Flements 011 the surface are located first inange by transmitting a pulse and mcasuring the time delay
of the echo. Thie 1ange to the scattering elerne nt, the distance beiween the aiterafCradan antenna and the
sutluce, is:

—
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Where R is the tange, ¢ is the velocity of light, and t is the time delay (the difference in tine between
transmission of the rada pulse and yeception 0f  the ccho). Ranging loc ates the ccho on a "Rarige
Sphere” centered onthe aireraft as shown in Figure 1.0 The accuracy of this echoJocation by ranging is
AR, the width of that spherical shell, This is

AR : - (2)




where Bois the bandwidth of the system. Since we notmally operate TOPSAR at 8 to 10 kmn altitudes,
rangetothe surface is typically 9to 15 kin, and time delayis typically 60 to 100 microseconds. Owm
TO PSAR bandwidih is 40 Mcgaherts yielding surface resolutions of about Smcters.

lLicho location by the Doppler processing that forms the synthetic antehya aherture places cchoes along
“Doppler (ones,” which are conical shells with axcs aligned W ith the aircraft’s velocity vector as
shown inFigure 1. For the broadside geometries whete SARs typically operate, these conical shells are
located on the surface ahead 01 behind the troe broadside direction hy:
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whiere 14 is the distant’ ¢ ahead o behind tue broadside, Vs the aircraft velocity, Al is Doppler
ficquency, A is the wavelength, and R is the range. Yor a our aet aftradar operating at 6- cim
wavelength onan aireraft traveling at 200 meter/second, Fin meters is 1.5 times the Doppler in hertz,
The accuracy of locating echoces 1n these “Doppler cones™ 1S

R
AV= (4)

where T is the time that echoes are coherently integrated to form the synthetic apertore. For a coherent
integuation time of one second, AF can be detenmined with a surface resolution of about 2 meters.

When synthetic aperture radays image arelatively flatsw 1’ace, these Range Splicies and Dopplet Cones
intersect the surface in contours that nearly parallel and perpendicular to the aiterafCs ground track.
Thus, SARs operating without interferometry produce images that have a photographic quality and
provide good representations of the su face. Forrugged surfaces, these SAR images of the surface a€
distorted. Higher portions of the surface are shifled toward the aircraft ground tack in @ foreshortening
cficet. That foreshor tening effect can be measured directly snd corrected for by augmenting the SAR
with two antennas as described here.,

once cchoes have been located by tanging and Doppler processing Hiey lic i the thin inter section of
the Range Spheres and Doppler Cones. The location of radar echocs along that intersection are
provided by interferometry which produce.s a phase diffcrence between cchoes observed in two
separate antennas. This phase difference is:

Ab = 360° ']'\}; )

wheie his the distance along the Range Sphete-Doppler Cone intersection and B is the baseline for med
by the two antennas. The effective baseline of our TOPSAR system is near 2 meters. Thus, one metet
displacement along, the Range Sphere-Doppler Cone inter section produces about 1.2 degrees of phase
difference. Since inter ferometer phase differences can be wicasured to a few degrees, this establishes
ccho location to a few mceters along the Range Sphere-Doppler Cone inter section. Note that locating
echoes to Tmeterat 10 ke requires bascline orientations accurate 10 0.0001 radians (0.006 degrees)!

The deter mination of’ echo phase difference inthe inter ferometer locates echoes on @ “Phase Cones™,
which are conical shells with axes aligned with the interferometer baseline ((tic line through the two
clements of the interferometet ). ‘Thus, rada echoes from the surface can be located in three dimensions
as shown in 1€ Ut e T by augmenting aircraft SARs with two aMC nnag that operate as an inter ferometer.
Fchoes can be Jocated to an accuracy of a few meters. Once cchoes have been located in three
dimensions, the effects of foreshor lening can be corrected f 0 and the SAR images can be reprojected
as truc peometric representations of the surface. At the same time, an intet feromett ic SAR radar
system produces a topographic map (i. e, a Digital Elevation Model, PEM) of the gueface.



Implementation

An radan interfer ometr ic aircraft SAR (TOPSAR for TOPographic SAR) has been implemented by the
Jet Propulsion Laboratory (J]'].) at a C-band wavelength as an augmentation to the JP1. Aircraft
Synthetic Aperture Radar (Al RSAR) systemi. The Al RSAR system routinely acquires multi -
polinization SAR images at P-band (70 cm wavelength), at L-band (25 e wavelength) and at C-band
(6 cnwavelength). The TOPSAR/AIRSAR system flies on the 1)C-8 Aubornel.aboratory operated by
the NASA Ames Rescarch Center (Figure 2). The TOPSAR interferonsetric radar system is
impluncn(cd viatwo antennas mounted nearly verticaly on theleft side of the DC-8 aircraft witha 2.6
meter spacing. A block diagram of the TOPSAR/AIRSAR radar system (Figwe 3) shows that sever al

portions of the radat arc shared betw cen the TOPSAR and AIRSAR systetns. Par ameters for the
TOPSAR/ATRSAR system are given in Table 1.

Operation of out TOPSAR Systeni over typical terrains indicates that elevation crrors for the Torsar
DEMs arc 1-2 meters for flat arca and 2-3 meters for mountiinous arcas (sce Muadsen, Zebker, and
Martin, 1993 and M adsen, Martin and Zebker, 1995). nor izontal resolutions arc near 5 meters.
Typical data .\cqui%itiomm( forarcas of 10 kmacross-track (i.e., inrange) and up to 50 ki along wack
(i.c., in Doppler). Processing of'radar data obtained in the Galapagos Islands (Islas Fernandina and
Tsabella) and at 1< ()Il]lWll],( “llt(unm demonstrated that these 10 km-by-50 ki topogr aphic maps can
be mosaicked together for an areas of about 50 km-by-50 km i size.

The TO PSAR aircraft radar system was improved in 1994 by installing a new tightly-coupled Global
Positioning /incrtia Navigation System ([il’ S/INS) unit.  This improved ow topographic data and
enabled mosaicking via dead reckoning. Absolute positionlocation was reduced to 15 meters, aircraft
velocities are known to 0.03 m/s, aircraft attitude (1oll, pitch. yaw) are detenimined 1o 0.005 degrecs.
These accuracies have enabled the determination of echo location to the meterlevels noted above.

Aircraft Radar Examples

An example of TOPSAR datais 1 ‘igure 4, a perspective view of 1slalsabela, one of the Galapagos
islands located off the western coast of South Awserica.  This view was constructed by overlaying
Spaceborne Imaging Radar (SIR-C) backscatter images over a Digital Blevation Model (DEM)
produced by the aircraft TOPSAR system. Vertical exaggeration is 1.9; the verticalveliefl in this scenc
is 1500 meters.

As noted above, the implementation of interferometric SARs has depended upon the recent advances in
aireraft location available with commercially available Global Position System devices.  1'his
implementation has been demonstiated with acquisition of topographic data for @nutiiber of research
sites. Processing of data for these research arcas indicate that individual images of 1 O-by-50 km cao be
produced once per Y- A mosaic of several of these images takes a few days. Thus, the topographic
mapping of arcas up to 100-by- 1 00 km can be produced in few weeks.

Future Directions in Spaceborne Interferometic SARs

The mterferometric SAR technigues that have been demonstrated here for aircraft radars also work
fiom spacchorne platfor ms. The Spaceborne Iimaging Radar (SIR-C’) frown in October 1994 conducted
feasibility experiments that demonst ated that obtained topographic radar images of anumber of sites,
If a third Spaceborne Imaging Radar mission is flown, data collection would emphasize acquisition of
mterferometiic data.

Rcunlpxumsxmnqu(hcg for a TOPographic SATellite (TOPSAT) indicate that spaccborne SARs

could produce P’HiMs of the carth with 2 meter vertical aceuracies for hot izontal celfs of 30 meters
width (See Zebker, dl al,, 1994). TOPSAT could he a dual spacecraft 24-cm system or a single




spacecraft 2-cmsystem. The vertical and horizontal Resolution of either cent’Iguralion is determined by
phase noise, due (o signal-to-noise estimates as well as errorsin determining antenna baseline attitudes.
These spacecraft systems can accomplish larger (20 to 75 km) swath widths than aircraft systems.
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] "able | TOPSAR System Parameters

Frequency
Wavelength

Range Bandwidth
Peak Power
Antennal.ength
Antenna Width
Antenna Gain
Antenna Baseline
Antenna Angle
Horizontal Resolution

Vertical Resolution

Altitude

Platform Velocity
Image Width
Image I.ength
l.ook Angle
GPS/INS Location
GPS/INS Velocity

GPS/INS Attitude

'5.3 .Gh7 -
5.7 cm

40 MHz.

1.0 Kwatts

1.6 meters

0. 11 meters

25dB

2.6 meters

62.8 degrecs
S5meters

1-2 meters - L.evel areas
2-3 meters Rugged areas

typicaly 9 km
nominally 200-250 m/s
10-12 Kms

30-60 Kms

30-60 degices

+15m

+0.03 m/s

10.005°
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Figure 1. Geometry for three-Dimensional Echo Location

Figure 2. NASA Ames DC-8 Airborne Laboratory, the Aircraft Platform for
the JPL. TOPSAR/AIRSAR Radar System
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Figure 3. Block Diagram for NASA/JPL. Aircraft Polarametric SAR (Al RSAR) and
Interferometric SAR (TOPSAR) Radar Systems

Figure 4. Example of TOPSAR Topographic Image, a Perspective View of Islalsabela, Galapagos
Island Produced from TOPSAR and Spaceborne Imag ing Radar Data (JPL. Photo P-43940).
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